Abstract. Ground ivy is a common broadleaf weed that disrupts turf uniformity and is
Ground ivy (Glechoma hederacea L.) is a creeping perennial weed in turf in the cooler climates of northeastern and midwestern United States (Mitich, 1994) . During summer and fall, populations rapidly increase in size through vegetative propagation of new ramets along stolons. Eventually the turf site is populated with patches of ground ivy, resulting in a nonuniform turf stand. Once established, controlling ground ivy is challenging for the lawn care industry. In a survey of lawn care operators (LCOs) in Indiana, 49% of respondents reported poor or fair control of ground ivy and 40% reported nonuniform control (Table 1) . Additionally, 86% indicated repeated herbicide applications were necessary for successful ground ivy control, further suggesting chemical control of ground ivy is challenging. Time, money, and effort spent on controlling ground ivy is considerable since 31% of the LCO customers had ground ivy on their property. However, there has been little research focusing on ground ivy control using herbicides common to LCOs (Hatterman-Valenti et al., 1996) . Furthermore, of those reports that evaluated herbicides commonly used by LCOs (Czarnota et al., 2001; Olson and Hall, 1988; Vrabel, 1987) , application was done in had not been fertilized during the experiments or during the previous 2 years. The soil was a Chalmers silt loam (fi ne silty mixed mesic Typic Haplaquoll) with a 7.0 pH, 0.133 meq·g -1 CEC, 4.7% organic matter, 219 kg·ha -1 P, and 510 kg·ha -1 K. Plots were irrigated as needed to prevent drought stress and mowed three times per week at 6.4 cm with clippings returned. All herbicide treatments were applied in 374 L·ha -1 water with a CO 2 -pressurized backpack sprayer using a three-nozzle (TeeJet XR8002VS, Spraying Systems Co., Wheaton, Ill.) boom at 207 kPa.
Nitrogen fertility study. Fertilizer treatments were applied to plots containing uniform stands of ground ivy beginning on 15 May 2000 and 14 May 2001. Average initial ground ivy cover was 32% in 2000 and 45% in 2001. Treatments were a three by three factorial with three annual nitrogen rates (98, 196, or 293 kg·ha -1 ) and three application schedules (heavy spring, heavy fall, or equal spring, summer, and fall), and an untreated control was included for comparison. Fertilizer and scheduled rates are given in Table 2 . Fertilizer application dates were 15 May ±1, 25 July ±2, 18 Sept. ±2, 17 Oct. ±2, 15 Nov. ±2, 23 Mar. ±2, and 23 Apr. ±1. On each application date, total nitrogen was applied as 50% (by N content) urea (46N-0P-0K) (Shaw's, Knox, Ind.) and 50% sulfur-coated urea (32N-0P-0K) (Shaw's, Knox, Ind.). The experiment was a randomized complete block design with three replications. While percent ground ivy cover was visually estimated every 4 weeks for 1 year during each experiment, only data collected 12 months after initial treatment (MAIT) for each experiment are presented.
Preemergence herbicide study. Three 10.2-cm-diameter × 8-cm-deep plugs of ground ivy were transplanted into plots on 14 May 1999 and 10 May 2000. One week later, the following preemergence herbicides were applied at the highest-labeled rate or at one-half the highest-label rate for kentucky bluegrass (Vencill, 2002): prodiamine (2,4-dinitro-N 3 ,N 3 -dipropyl-6-(trifl uoromethyl)-1,3-benzenediamine) (Syngenta, Wilmington, Del.) at 1.7 or 0.9 kg·ha -1 , dithiopyr (S,S-dimethyl 2-(difluoromethyl)-4-(2-methylpropyl)-6-(trifl uoromethyl)-3,5-pyridinedicarbothioate) (Dow Agro Sciences, Indianapolis) at 0.6 or 0.3 kg·ha -1 , isoxaben (Dow AgroSciences, Indianapolis) at 1.1 or 0.6 kg·ha -1 , or pendimethalin (N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine) (BASF, Research Triangle Park, N.C.) at 3.3 or 1.7 kg·ha -1 . Percent ground ivy cover was rated visually at 6, 12, and 26 weeks after treatment (WAT). Treatments were a 2 × 4 factorial with two rates and four herbicides, and an untreated control was included for comparison. The experiment was a randomized complete block design with three replications.
Postemergence herbicide study. Ten postemergence herbicide combinations were sprayed at the highest-labeled rate or at one-half the highest-labeled rate for kentucky bluegrass on plots containing dense, uniform stands of ground ivy on 30 Oct. 1999 and 15 Oct. 2000 (Table 3 ) (Vencill, 2002) . Average initial spring rather than fall when broadleaf weed control is often performed (Kohler, 2002) .
Ground ivy stolons creep beneath the turf canopy when colonizing new areas (Birch and Hutchings, 1994; Hutchings and Price, 1999) . Extensive rooting from these stolons makes mechanical control diffi cult. Nitrogen application (Dernoeden et al., 1993; Lowe et al., 2000) , irrigation (Gaussoin and Branham, 1989; Jiang et al., 1998) , and mowing (Brede, 1992; Dernoeden et al., 1993) have been studied to limit encroachment of weeds other than ground ivy, but there are no reports of cultural control of ground ivy. Both preemergence (Turgeon, 1996) and postemergence (Monaco et al., 2002; Sterling and Hall, 1997) herbicides have been used successfully for decades to control grassy or other broadleaf weeds, but ground ivy control is challenging and inconsistent (Hatterman-Valenti et al., 1996) . The objectives of this research were to evaluate nitrogen fertility programming, preemergence herbicides, and postemergence herbicides for ground ivy control.
Materials and Methods
Conditions common to experiments. All experiments were conducted for 1 year at the W.H. Daniel Turfgrass Research Center in West Lafayette, Ind. Experiments were repeated the following year on different but adjacent sites. Field plots (1.5 × 1.5 m) were located in full sun in a low-maintenance stand of kentucky bluegrass (Poa pratensis L. 'America') that ground ivy cover was 42% in 1999 and 76% in 2000. Ground ivy cover was rated visually at 3, 6, and 30 WAT. Treatments were a 2 × 10 factorial with 2 rates and 10 herbicides, and an untreated control was included for comparison. The experiment was a randomized complete block design with three replications.
Statistical analysis. All data were analyzed using SAS (Statistical Analysis Systems Institute Inc., Cary, N.C.). Box-Cox analysis determined if transformation of the data was necessary (Box and Cox, 1964) . Percent ground ivy cover was arcsin transformed where appropriate. Error variances were homogeneous over both years of each experiment, so data were combined over years. The exception to this was the postemergence herbicide study, which is presented by year due to nonhomogeneous error variances (Steel and Torrie, 1980) . Treatment means were compared using Fisher's protected least signifi cant difference at P ≤ 0.05 (LSD 0.05 ) (Steel and Torrie, 1980) . On transformed data, backtransformed values are presented where appropriate.
Results and Discussion
Nitrogen fertility study. There was no nitrogen application schedule × rate interaction for ground ivy cover so data presented are averaged over the main effects (Table 4) . Nitrogen application schedule had no effect on percent ground ivy cover when measured 12 MAIT. There was no difference in ground ivy cover from spring, summer, or fall application schedules, though all nitrogen schedules reduced ground ivy cover compared to the unfertilized control. Therefore, nitrogen application at any time of the year will help reduce ground ivy cover. However, cool season turf benefi ts most from fall-applied nitrogen, which results in better foliar color retention in the late fall (Wehner et al., 1988) as well as increased shoot density (Beard, 1973) and root growth (Hanson and Juska, 1961) .
Annual nitrogen rates above 98 kg·ha -1 decreased ground ivy cover (Table 4) . Raising nitrogen rates from 0 to 293 kg·ha -1 ·year -1 decreased ground ivy cover by 32%. However, 293 kg·ha -1 ·year -1 nitrogen for kentucky bluegrass would be excessive, potentially reducing stress tolerance (Turgeon 1996) , increasing mowing requirements (Markland and Roberts, 1969) , and increasing susceptibility to certain diseases (Cheeseman et al., 1965; Freeman 1964) . However, increasing nitrogen from 0 to 196 kg·ha -1 ·year -1 reduced ground ivy cover 24%, which would be an acceptable nitrogen rate for most home lawns.
Increasing nitrogen rates in turf reduces the cover of crabgrass (Digitaria spp.) (Dernoeden et al., 1993; Johnson and Bowyer, 1982; Murray et al., 1983) and dandelion (Taraxacum offi cinale L.) (Johnson and Bowyer, 1982; Murray et al., 1983) . However, higher fertilization rates can increase bermudagrass (Cynodon dactylon L. 'Guymon') cover (Brede, 1992) and broadleaved dock (Rumex obtusifolius L.) growth (Niggli et al., 1993) . Therefore, the effects of increased nitrogen rates on weedturf competition are dependent on the specifi c weed and turf species involved. Increasing nitrogen likely improved the competitiveness of kentucky bluegrass in our study, thus reducing ground ivy. Price and Hutchings (1996) reported competition from perennial Spring and fall = 52% fall = 18% Spring = 11% Spring and summer and fall = 6% Miscellaneous = 13% 5) Are repeat applications necessary? Yes = 86% No = 10% Miscellaneous = 4 % 6) How successful are the chemicals that you use for controlling ground ivy? Excellent = 11% Good = 38% Fair = 43% Poor = 6% Miscellaneous = 2% 7) Have you seen a fairly uniform response from the herbicides you use to control ground ivy? Yes = 56% No = 40% Miscellaneous = 4% -98  67  ---33  22  22  22  ---33  ------98  33  33  33  ------33  33  33  ------98  33  ---67  ------33  ---22  22  22  196  67  ---33  44  44  44  ---65  ------196  33  33  33  ------65  65  65  ------196  33  ---67  ------65  ---44  44  44  293  67  ---33  65  65  65  ---98  ------293  33  33  33  ------98  98  98  ------293 33 Preemergence herbicide study. Isoxaben prevented the growth and development of ground ivy stolons throughout our studies (Table 5) . At 26 WAT, ground ivy cover was reduced to 8% by 1.1 kg·ha -1 isoxaben and 26% by 0.6 kg·ha -1 isoxaben compared to the control plots at 42%. Neal and Senesac (1991) also found that isoxaben can control ground ivy. In our study, ground ivy stolons in plots treated with 1.1 kg·ha -1 isoxaben developed roots that were short, stubby, black, and had not penetrated the soil. Prodiamine, pendimethalin, and dithiopyr had no effect on ground ivy cover, and the rooting behavior of ground ivy in these treatments was similar to that of the untreated control. It is not surprising that most of the treatments did not have an effect on ground ivy cover. Prodiamine, dithiopyr, and pendimethalin are typically regarded as preemergence herbicides for annual grassy weed control (Dernoeden, 1998; Gardner et al., 1997; Johnson, 1996; Turgeon, 1996) even though their labels indicate that certain annual broadleaf weeds germinating from seed can also be controlled. Ground ivy is a perennial and little effect would be expected on rooting and spread from preemergence annual grass herbicides like prodiamine, dithiopyr, and pendimethalin. However, since the herbicides are often used on lawns, it is important to understand their potential positive or negative effects on ground ivy.
Ground ivy is diffi cult to control in part due to its ability to quickly reestablish after postemergence herbicide treatment. If all ramets along a stolon are not controlled, the surviving ramets have the potential to produce new roots and stolons. Complete postemergence herbicide coverage of ground ivy is impossible since ramets near the apical meristem exist that have rooted but have not yet pushed leaves above the turf canopy. Isoxaben could limit these developing ramets' rooting ability, reducing reestablishment and improving control from both cultural methods and postemergence herbicides.
Postemergence herbicide study. There was no herbicide × rate interaction for ground ivy cover in either year of this study, so data are presented as means of the main effects (Table  6 ). As expected, the full-labeled rate provided better control than the half-labeled rate on four of six rating dates. At 30 WAT, the full-labeled rate provided 11% and 20% less ground ivy cover than the half-labeled rate in 1999 and 2000, respectively. Therefore to maximize ground ivy control, application of the full-labeled rate of the herbicide is necessary.
Triclopyr + clopyralid, triclopyr, MCPP + 2,4-D + dicamba (5:10:1), both formulations of 2,4-D, and fl uroxypyr reduced ground ivy compared to the control on four of the six rating dates. MCPP + 2,4-D + dicamba (8:2:1), Table 3 . Postemergence herbicides and application rates used in the postemergence herbicide study to control ground ivy.
Rate ( dicamba, and quinclorac reduced ground ivy cover on only one of the six rating dates. Thought it is commonly stated in textbooks and extension publications that ground ivy is susceptible to dicamba (Beard, 1973; Pound and Street, 2003; Shurtleff et al., 1987) , we found only one instance in the literature of dicamba used for ground ivy control. Olson and Hall (1988) observed dicamba had little effect on ground ivy when applied either alone or tank-mixed with other herbicides. Considering how little control resulted from dicamba in our study, there appears to be little benefi t from using dicamba alone or in a tank mix with other herbicides for ground ivy control. In contrast to our results, Czarnota et al. (2001) found 0.8 kg·ha -1 quinclorac provided >70% control of ground ivy at 6 WAT. While our treatments were applied in the fall, Czarnota et al. (2001) applied in the spring, which may explain the difference in ground ivy response to quinclorac. Clopyralid had no effect on ground ivy throughout our study, similar to results from Olson and Hall (1988) . Herbicide combinations that include triclopyr, 2,4-D, or fl uroxypyr provided maximum ground ivy control.
There was less ground ivy control in 1999 than in 2000. The variation in response by year to the herbicide treatments may be due to weather differences after herbicide application (Table 7) . Treatments were applied at the end of October in 1999 and mid-October in 2000. Average high and low temperatures for the 4 WAT were consistently higher in 2000 than in 1999. Generally herbicide absorption and translocation are greater under higher temperatures (Devine et al., 1993) , which may have lead to a more rapid and higher increase in ground ivy control during the second year. Other researchers have reported variable ground ivy control as well, which was possibly due to weather conditions (Hatterman-Valenti et al., 1996) .
Ground ivy control generally improved between fall and the following spring. For instance, at 3 WAT in 2000, triclopyr reduced ground ivy slightly compared to the untreated control and signifi cantly less than 2,4-D-ester.
However, triclopyr reduced ground ivy cover to 3% by the following spring (30 WAT), and this cover was similar to that produced by 2,4-D-ester. Thus, the effi cacy of slower-acting herbicides such as triclopyr might not become apparent until the following spring (Hanson and Branham 1988) .
Textbooks and extension publications state that 2,4-D does not provide good ground ivy control (Calhoun, 2002; Shurtleff et al., 1987; Turgeon 1996) , yet it performed well in our study. At 30 WAT in both years, 2,4-D reduced ground ivy cover by up to 75% compared to the untreated control. Lowering the MCPP:2,4-D ratio from 8:2 to 5:10 improved ground ivy control, especially in the second year, also suggesting that 2,4-D is highly active on ground ivy. Likewise, work by Olson and Hall (1988) implies that 2,4-D is highly active on ground ivy. Our LCO survey found a majority use 2,4-D for ground ivy control. However, half the respondents reported fair or poor ground ivy control while the other half reported excellent or good ground ivy control. The discrepancy between our 2,4-D fi ndings and the results of the survey may be due to differences in herbicide application timing, rate, formulation, or ground ivy ecotype (Kohler, 2002) .
Based on the results of our experiments, a ground ivy control strategy can be developed for cool-season turf. First, the turf site should receive an annual nitrogen application of 196 kg·ha -1 to improve or maintain turf density. Second, applying 1.1 kg·ha -1 isoxaben with or after a postemergence herbicide application in the fall will severely curtail regrowth from uncontrolled stolons. Third, a postemergence herbicide product containing 2,4-D, fl uroxypyr, or triclopyr should be applied in the fall at the highest labeled rate for a given turfgrass species. Proper nitrogen fertility programming, preemergence herbicide application, and postemergence herbicide application can improve ground ivy control. 
